Variations in latent heat flux (LHF), calculated from daily variables in the OAFlux dataset, were investigated over the Japan Sea for December of 1990−2010 because the December is the month with the largest LHF release. The largest temporal variations in LHF occurred over the eastern Japan Sea (EJS; 137°E−140°E, 38°N−43°N), showing an interannual-scale variation. By performing simple experiments with combinations of raw daily data and daily climatological data, we quantitatively assessed the relative contributions of saturated specific humidity at sea surface temperature (SST), surface air humidity, and surface wind speed in determining the LHF over the EJS. Results showed that SST (saturated specific humidity), which is associated with the Tsushima Warm Current, predominantly determines the LHF; a huge evaporation in the state of the positive SST anomaly. The LHF in the EJS has a strong influence on precipitation over the northern Japanese Islands.
Introduction
The heavy precipitation, which falls in the form of snow, occurs in the Japanese cities along the coast of the Japan Sea in winter. During some winters, severe weather conditions have resulted in many fatalities in these cities. Several previous studies have reported that the cold and dry northerly winter monsoon absorbs a large quantity of evaporated water related to latent heat flux (LHF; Fig. 1a ) from the sea surface, resulting in heavy precipitation (e.g., Manabe 1957) . The intense monsoon forms negative anomalies of sea surface temperature (SST) over the Japan Sea as a result of a heat exchange between the atmosphere and ocean (e.g., Watanabe 1996; Matsumura and Xie 1998) .
Recent studies reported that changes in transport of the Tsushima Warm Current (TWC) across the Tsushima/Korea Strait (green line in Fig. 1a ) also strongly influence winter precipitation in the Japanese cities along the coast of the Japan Sea (Hirose and Fukudome 2006; Hirose et al. 2009 ). This implies that the SST, associated with the TWC transport, is the dominant influence on evaporation over the Japan Sea. However, the influence of SST on evaporation has not been evaluated yet.
In this study, we quantitatively assess the contribution of SST on LHF over the Japan Sea, and investigate the relationship between the SST-induced LHF and precipitation over the Japanese Islands. The results of this study are significant for disaster prevention in the future. The remainder of this manuscript is organized as follows. In Section 2, we outline the data set used in this study. In Section 3, we investigate temporal variations in the LHF and assess the contribution of SST in determining the LHF. Then we discuss the influence of the SST-induced LHF on precipitation over the Japanese Islands. Finally, Section 4 presents a summary and concluding remarks. beyond the scope of this study.
Variations in Latent Heat Flux over the Eastern Japan Sea in December
We investigate the relationship between the LHF in the EJS and precipitation at stations over the Japanese Islands (Fig. 4a ). Significant relationships are predominantly concentrated in the northern Japanese Islands; December is the month with the maximum precipitation over the northern Japanese Islands during winter. Interestingly, the region with high correlations is distinct from the areas where the monsoon influences the precipitation (Fig.  4b ).
Data sets
We calculate the daily LHF using the variables of surface wind speed at 10 m from the sea surface (WND), specific humidity of surface air (Qa), and SST from the Objective Analyzed airsea Flux (OAFlux) data set (Yu et al. 2008 ), the bulk coefficients of which are based on the Tropical Ocean and Global Atmosphere/ Coupled Ocean-Atmosphere Research Experiment (TOGA/ COARE) bulk flux algorithm 3.0 (Fairall et al. 2003) . In the present study, we particularly examine December, which is the month with the largest LHF over the Japan Sea (e.g., Hirose et al. 1996) . The analysis period is 21 years, from 1990 to 2010.
As an indicator of the strength of the winter monsoon, we use the monsoon index (MOI), defined as the difference in sea level pressure between Nemuro, Japan and Irkutsk, Russia (Watanabe 1990) . We also use the monthly TWC transport across the Tsushima/Korea Strait (green line in Fig. 1a) , calculated from an Acoustic Doppler Current Profiler (ADCP) mounted on a commercial ferryboat (Hirose and Fukudome 2006) ; the data is available since 1997. As an indicator of the TWC transport, values averaged for warm season (June-October) are used because this season is the period with the largest transport. We use precipitation data at the Automated Meteorological Data Acquisition System (AMeDAS) station operated by the Japan Meteorological Agency (JMA). This system has stations at more than 1,300 sites over the Japanese Islands.
Results
We investigate temporal features of LHF over the Japan Sea. Figure 1b displays the standard deviation of the December-mean LHF. The largest variance is observed over the eastern Japan Sea (EJS; specifically 137°E−140°E, 38°N−43°N for this study), and corresponds to about 20% of the LHF climatology (Fig. 1a) . Figure 2a displays a time series of the LHF averaged over the EJS, revealing a marked interannual-scale variation. To quantitatively assess the contributions of three parameters-that is, saturated specific humidity at SST (Qs), Qa, and WND-in determining LHF, we apply a method used by Sugimoto and Hanawa (2011) . This approach requires two types of datasets: raw daily data and daily climatological data. The daily climatological data were calculated by taking the calendar day mean throughout the analysis period and then applying a 31-day running mean filter. Using these data, we model the LHF based on the combinations shown in Table 1 , with each combination designated as a "run". The Qs run (black circles in Fig. 2b ) has a high correlation coefficient (R = 0.69) with the original LHF (Fig. 2a) , and the ratio of variance of Qs run to that of original LHF is 56%. Although the WND run (black circles in Fig. 2d ) is also significantly correlated with the original LHF (R = 0.88), the proportion of variance explained is much smaller (33%). The correlation coefficient between the Qa run (black circles in Fig. 2c ) and the original LHF is almost zero (R = 0.04). In the EJS, the SST is primarily responsible for determining the LHF because the Qs is a function of SST. Hirose et al. (2009) noted that the SST in the EJS is correlated significantly with the TWC transport in the preceding warm season (Fig. 3b) . To gain a better understanding of SST variations, we examined a relationship with WND over the EJS (black line in Fig. 3a) , which shows the monsoon variations (R = 0.72 between the WND and MOI). Result shows no significant correlation between the WND and SST in the EJS (R = 0.17). Additionally, we checked the relationship between the December-mean upward net surface heat flux (the sum of LHF, sensible heat flux, net surface longwave radiation, and net surface shortwave radiation) of OAFlux data and the time rate of change in SST, defined as SST in December minus SST in November, yielding no significant correlation (R = −0.30). The SST anomalies in the EJS are not formed as a result of the overlying atmospheric forcing, but are predominantly formed through oceanic process (TWC transport). However, a detailed investigation of changes in the TWC is 
Summary and concluding remarks
We investigated LHF variations over the Japan Sea in December of 1990−2010 because December is the month with the largest LHF release. We calculated daily LHF data set from the bulk formula, which used variables from OAFlux data and bulk coefficients obtained from the TOGA/COARE bulk flux algorithm 3.0. The largest variations in LHF occurred over the EJS, where the marked interannual-scale variation was observed. We quantitatively evaluated the relative contributions of Qs, Qa, and WND in determining the LHF by performing simple experiments using combinations of raw daily data and daily climatological data. It was found that the SST (Qs) was primarily responsible for determining the LHF. The LHF variations over the EJS influenced the precipitation over the northern Japanese Islands, in which the winter monsoon had no significant impact. This is useful information for future disaster prevention.
The salient contribution of this study is the quantitative demonstration that SST has a dominant role in determining the LHF over the EJS. However, the processes that generate SST anomalies in the area remain unknown, although previous studies have implied the influence of the TWC transport (e.g., Hirose and Fukudome 2006) . Future studies should investigate changes in the velocity and direction of the TWC.
The present study was localized in the Japan Sea. However, despite its small and semi-closed nature, the Japan Sea contains many features representative of larger oceans, including subtropical and subpolar waters, a western boundary current, and boundary current separation. Additionally, the geographical relationship between the TWC and the Japanese Islands is very similar to that between the Gulf Stream and the Eurasian continent. We therefore expect that knowledge of the local air−sea interaction in the Japan Sea, as obtained in this study, will be useful for providing a better understanding of the North Atlantic. 
